We present the experimental determination of the ion temperature in a neon-puff Z pinch. The diagnostic method is based on the effect of ion coupling on the Stark line shapes. It was found, in a profoundly explicit way, that at stagnation the ion thermal energy is small compared to the imploding-plasma kinetic energy, where most of the latter is converted to hydromotion. The method here described can be applied to other highly nonuniform and transient high-energy-density plasmas. DOI: 10.1103/PhysRevLett.122.095001 Introduction.-The conversion of the kinetic energy of accelerated plasmas to ion heating, resulting in radiation emission or in nuclear fusion, is of fundamental interest in the field of high-energy-density (HED) plasmas and has general implications for laboratory and astrophysical plasma research [1] [2] [3] [4] [5] [6] . Of particular importance is the determination of the ion thermal energy, addressed here.
Introduction.-The conversion of the kinetic energy of accelerated plasmas to ion heating, resulting in radiation emission or in nuclear fusion, is of fundamental interest in the field of high-energy-density (HED) plasmas and has general implications for laboratory and astrophysical plasma research [1] [2] [3] [4] [5] [6] . Of particular importance is the determination of the ion thermal energy, addressed here.
In a stationary plasma, the ion temperature is associated with the spread of the kinetic energy K i per ion. The latter is manifested in the Doppler broadening of spectral lines emitted [7] or, in the case of fusion plasmas, in a respective spread of the energy spectra of neutrons and other products of the fusion reactions [8] [9] [10] [11] . However, for plasmas formed in the process of implosions, that is, in Z pinches and inertial confinement fusion (ICF) experiments, both thermal and hydrodynamic motions contribute to K i . Therefore, the apparent ion Doppler "pseudotemperature" T D i ¼ 2 3 hK i i may be a significant overestimation of the true ion temperature T i . Indeed, it was shown [12] that the ion temperature at stagnation-a culmination of the plasma implosion-may be an order of magnitude lower than T D i [13] , with the rest of the kinetic energy likely stored in an ultrasonic turbulence [14] . However, even smaller differences between T D i and T i are crucial for the fusion processes, whose rates depend drastically on T i , while the residual kinetic energy [15] (hydromotion) is irrelevant. Furthermore, in an imploding plasma the electron temperature T e [16] cannot be assumed to represent T i , either: The radial kinetic energy is first transferred to T i and then to T e . Thus, T e < T i < T D i until fully thermalized (which happens at late times, irrelevant for ICF).
The great challenge of determining the true T i was solved in a previous study [12] by performing a detailed energy balance on a specific region of the plasma, relying on measuring the entire history of hK i i and many other parameters of the plasma in this region and around it. However, such extensive diagnostics and analysis are rarely feasible. Contrary to that, here we present direct measurements of the ion temperature in a HED plasma that avoid the energy-balance complexities by using a different approach, requiring only localized instantaneous spectroscopic data. The underlying physical phenomenon is the ion-temperature dependence of the Stark profile of certain lines in moderately coupled plasmas.
We demonstrate this approach by measuring T i at the stagnation phase of a neon-puff Z pinch, where, similar to the ICF implosions, the T e < T i < T D i inequality holds [12] . Z pinch is a pulsed-current system widely used [17] for studying plasma implosions and for producing HED plasmas. In this system, an intense azimuthal magnetic field B θ , induced by an axial current J z , radially collapses a preconfigured load. The load, imploding under the ⃗ J × ⃗ B force, stagnates near the pinch axis, where a hot-and-dense plasma is formed for a few nanoseconds. The stagnation phase in similar Z-pinch devices studied earlier [12, 13, 18] is characterized by the electron density and temperature of ≲10 21 cm −3 and ∼200 eV, respectively. These parameters are also typical for the measurements described here. Line shapes of H-and He-like neon ions were used for the diagnostics.
Stark-broadening sensitivity to T i .-Stark line broadening is widely used for plasma diagnostics [19] . The Stark width depends strongly on the plasma density (typically, between ∝ N 2=3 e and ∝ N e ); this is true for broadening due to plasma electrons and ions alike. Contrary to that, the temperature dependence is rather weak and sometimes nonmonotonic. Furthermore, the electron and ion contributions may have opposite tendencies, resulting in a nearly complete cancellation over a wide temperature range [20] . Consequently, the Stark diagnostics is typically perceived as synonymous to the density diagnostics. However, if N e and T e are known with a sufficient precision independently of the line-shape measurements (e.g., using the Thomson scattering [21] or dielectronic satellite ratios [22] ), then even the moderate Stark-width sensitivity to T i can be used to infer the latter; this approach is used in the present study.
The first members of spectroscopic series of hydrogenlike ions are affected by ion dynamics (see [23] and references therein) and, therefore, are sensitive to T i [24] . However, in HED plasmas, the shapes of these lines are often dominated by the Doppler or opacity effects [7] . On the other hand, for lines that originate from levels with a sufficiently high principal quantum number n (for brevity, "high-n lines"), the ion dynamics is typically of little importance [25, 26] . Indeed, the method employed here is based on a different phenomenon.
The static Stark effect in a hydrogenlike atom is proportional to the electric field F. In a plasma, the charged particles form a microfield distribution around the typical field value that depends on the density N p and charge q p of the plasma particles as ∝ jq p jN 2=3 p . This distribution is sufficient for evaluating the plasma broadening by the heavy plasma particles (ions) when their Stark effect can be described in the quasistatic approximation [19] . Furthermore, the electron broadening is usually smaller than that due to the ions because of the dynamical nature of the electron perturbation [19] and the larger ion charge (jq i =ej > 1). Thus, the broadening of these lines is mainly determined by the ion microfield distribution.
In an ideal plasma, the microfield distribution is a universal Holtsmark function [27] that is independent of the temperature. However, Coulomb interactions between the particles modify [28] the Holtsmark distribution, due to the Debye screening and the repulsion between the ions and the positively charged radiators [which can be also expressed in terms of the ion radial distribution function gðrÞ around the radiator], resulting in a decrease of the Stark broadening. Figure 1 demonstrates this point, showing Ne X Ly-δ (n ¼ 5 → n ¼ 1) and Ly-ε (n ¼ 6 → n ¼ 1) Stark profiles calculated for fixed N e ¼ 10 21 cm −3 and T e ¼ 250 eV but assuming two different values of T i . In the calculations, based on a variant [29] of the computer simulation modeling [30] , all quantum states with n ≤ 7 were included [31] . As is seen, the lower (equal to T e ) T i results in noticeably narrower widths compared to those at the higher T i ¼ 1000 eV.
The Debye screening influences the ion fields at large distances (r ≳ λ D;i , where λ D;i is the ion Debye length), while the Coulomb repulsion is important only at short distances (r ≲ r m;i , where r m;i ¼ q −1=3 is a typical interion distance; since the linewidth is mostly affected by microfields formed by ions at distances ∼r i , the ion-temperature corrections in such a plasma are minor, and the respective effect on the line broadening is small. However, the more nonideal the plasma is [characterized by the ion-ion coupling parameter Γ ii ¼ q 2 i =ðr i T i Þ], the stronger the corrections become.
As an example, in Fig. 2 is shown the width of Ne X Ly-δ, calculated [32] as a function of Γ ii for a few values of the electron density at a fixed electron temperature. Ly-ε displays similar features. It is seen that, for each density, there is a range of Γ ii where the dependence of the Stark width on it and, hence, on the ion temperature can be used for the determination of T i : For too high T i (weakly coupled plasma) the Stark broadening is not sensitive to T i , and for low T i the Stark contribution becomes comparable to or even smaller than the Doppler width, especially for lower plasma densities.
Experimental setup.-Our Z-pinch generator (60 kV, 500-kA peak current, 500-ns rise time) implodes a neonpuff load in a 9-mm anode-cathode gap. The gas is injected into the gap through an annular nozzle (the cathode) that produces the outer gas cylinder and through an on-axis nozzle that produces the inner jet. Stagnation on axis of 10-ns duration is reached in ∼500 ns.
The x-ray output from the stagnating plasma is recorded by a ≳700-eV-filtered photoconductive detector (PCD). The spectroscopic system includes three spherical crystals, recording the neon Ly-α satellites and the high-n Ly-δ and Ly-ε, respectively. Each spectrometer allows for imaging the spectra along the Z-pinch axis with a spatial resolution of ≲50 μm. Two singly gated (∼1 ns) intensified chargecoupled device cameras record the spectra collected by the spectrometers. The Ly-α satellite spectra are recorded with PHYSICAL REVIEW LETTERS 122, 095001 (2019) 095001-2 a second-order spherical KAP crystal, yielding a resolving power of ≳6700 with a Lorentzian-shaped spectral response. Combined with collisional-radiative (CR) modeling [33] , the spectra provide the time-resolved electron density and the total (thermal and hydro) ion velocities at any z position [12, 13] . Ly-δ and Ly-ε are recorded independently using two spherical fourth-order mica crystals, yielding resolving powers of ≳5000 with a Lorentzianshaped instrumental broadening.
Two singly gated multichannel plate (MCP) detectors are used, one for the Ly-α satellite spectra and the other for Ly-δ and Ly-ε. A high-voltage pulse generator is used to trigger both MCP detectors. With a delay correcting for the photon propagation, this allows for simultaneously recording all three spectra, imaged along z and integrated over the pinch chord. We note that, even though a single high-n line is sufficient for application of the method, two such lines (Ly-δ and Ly-ε) were recorded to decrease the uncertainties.
See Supplemental Material [34] for more details on the experimental setup.
Results and discussion.-Typical spectra at the time of the peak PCD signal (t ¼ 0) are shown in Fig. 3 . In this example, analyzed are the z-averaged spectra from an axial slice Δz ¼ 0.5 mm, centered at z ¼ 4.5 mm (z ¼ 0 corresponds to the cathode surface).
The shapes of the singlet and two triplet-satellite groups are fit with Voigt profiles. The shape of the singlet Ly-α satellite provides, after deconvolution of the instrumental spectral response, the total Doppler broadening (the Stark broadening is negligible for these lines, the natural widths are small, and the opacities are very low for the present parameters), as has been described [12, 13] . For the example in Fig. 4 , we obtain T D i ¼ 900 AE 200 eV. The triplet-tosinglet ratio of the integrated intensities of the satellite groups, together with CR modeling, is used to obtain the electron density in the plasma [12] [13] [14] . Accounting for the . 3 . Ly-α-satellites and high-n-line spectra recorded simultaneously at t ¼ 0, axially resolved across the anodecathode gap. The positions of the hot spots in all three spectra clearly match. The dashed lines highlight the slice from which the data are analyzed. The Ly-α and high-n spectra are normalized to the peak intensities of the Ly-α singlet satellite and Ly-δ, respectively. , a best fit is obtained. T e used in these calculations was determined to be 200 AE 30 eV based on the continuum slope [18] and agrees with the values assumed in similar studies [12, 13] ; the Stark line shapes depend negligibly on T e within this range. Results of the high-n line shape analysis are presented in Fig. 5 , demonstrating that the best fit is obtained for T i ¼ 300 AE 150 eV, while assuming
results in line shapes that are far from fitting the data [34] .
The spectral analysis was performed on multiple shots at various times throughout stagnation. The results are summarized in Table I . We observe that most of the kinetic energy of the ions is stored not in the thermal motion but rather in a form of the hydrodynamic macromotion, while the true ion temperature is, as a rule, close to the electron temperature. These findings are in qualitative agreement with the previous results [12] that were based on energybalance considerations.
Since the measurements are radially integrated, the inferred values are weighted-average ones, with the local emissivity being the weighting function. Interestingly, at t ¼ 2 and 4 ns, the inferred T i is rather high, closer to T D i , which can be an indirect manifestation of the turbulent motion. Indeed, it was noted [14] that a plasma similar to the one studied here is likely to be slightly nonisothermal. In a nonisothermal plasma, variations of the electron density and temperature are related through T e ∝ N γ−1 e , where γ is the polytropic index (γ ¼ 1 corresponds to isothermality). On the other hand, the intensity of the He-like satellites and that of H-like high-n lines depend differently on T e ; namely, the H-like line intensities rise with T e significantly more strongly. Therefore, in the presence of turbulence-caused positively correlated fluctuations of N e and T e , the H-like Ly-δ and Ly-ε are on average emitted from higher-N e regions than the He-like Ly-α satellites. Thus, N e inferred from the Ly-α satellites is somewhat lower than the value required for calculating the Stark broadening of the H-like high-n lines. With N e corrected, the Stark broadening would be larger, requiring a lower best-fit T i to compensate (see Fig. 2 ). A deviation from the isothermality depends on the plasma density: The lower the density, the slower the thermal conduction [42] . Indeed, at t ¼ 2 and 4 ns, the density was rather low. Notably, the stagnated plasma in the much larger Z machine [43] has typical parameters [6] that ensure isothermality to a very high degree.
We emphasize that this is the first study where the ion temperature of a HED plasma is directly obtained from instantaneous localized measurements, without the necessity to obtain an entire history of the plasma parameters and without relying on complex energy-balance argumentations. Thus, the approach described here may be considered for measurements in highly nonuniform and transient HED plasmas. The requirements for such measurements are (i) a moderate ion-ion coupling Γ ii , (ii) the Stark broadening exceeding the Doppler one, and (iii) plasma with multiply ionized ions. If, as is often the case, tracers are used for diagnostics, instead of Γ ii , one should use the radiator-ion coupling, Γ ri ¼ q r q i =ðr i T i Þ [29] , where q r is the charge of the radiator (tracer).
In Table II , we list typical plasma parameters and suggested tracer lines for determining T i in selected prominent experiments. There, the Stark-to-Doppler width ratios w S =w D were calculated assuming T D i ¼ T i , evidently underestimating the Doppler broadening. However, the ratios are ≫ 1, so that there is always a safe margin to ensure the Stark effect dominates the total linewidth. For given plasma conditions, the ratio can be adjusted either by using a higher-n (a stronger Stark effect) or a lower-energy transition (thus, reducing the Doppler broadening), e.g., a Balmer (n → n ¼ 2) instead of a Lyman transition. 
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Gold 50 Na Ly-ε 0. 40 5 Evidently, spectral lines of other charge states (e.g., Helike) can also be considered. Thus, the freedom of choosing the transition and the tracer species itself provides sufficient flexibility for employing the diagnostic method described here in a variety of major HED experiments. Finally, we note that the uncertainties in the inferred T i are in part due to uncertainties in the line-shape calculations; this study is not unique in this respect. The Spectral Line Shapes in Plasma code comparison workshops [46] represent a major effort for assessing the accuracy of lineshape models. However, to the best of our knowledge, no benchmark experiments exist at HED plasma conditions. Therefore, we believe this should urge the community to carry out such measurements.
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